Copper deposited using bath additives added to the bath such as brighteners like Bis-(3-sulfopropyl)-disulfide (SPS)
Introduction
Electrodeposited copper foil, which is generally used for circuit materials on Rigid Printed Circuit Boards, is produced by continuously peeling off the copper deposited from copper sulfate electrolyte on a drum-shaped rotating cathode. The peeled surface which was in contact with the drum surface replicates the smooth morphology of the cathode (drum) surface, but, in general, the other side, where copper deposition grows freely, is rough.
Recently, as electronic devices are becoming smaller, the boards contained in them are also becoming smaller and finer circuits are being required. Also, high-capacity and high-speed network communication called broadband networking is becoming common and the frequency of signals tends to higher bands. In using high-frequency signals, if the surface of a circuit is rough, signal loss becomes significant because the high frequent signal just runs through the thin area near the surface of the circuit, called the skin effect, and counter actions for reducing signal loss are required. For the above requirements, a smoother circuit surface is important. [1, 2] As stated above, even for electrodeposited copper foil, a smoother surface is required, and the improvement of the smoothness of the side where copper deposition grows freely is important for this requirement. Controlling the crystal structure of the deposited copper using additives in the electrolyte used for the circuit-forming method in the damascene process, [3] is thought to be one countermeasure.
Copper deposited using additives to the electrolyte, such as brighteners like Bis-(3-sulfopropyl)-disulfide (SPS), [3] shows physical property changes even when kept at room temperature, though the strength of the copper just after plating is high. This phenomenon is thought to be caused by the grain growth called Self Annealing. [4] If this time-related property changes can be controlled, a new type of electrodeposited copper foil, with strength as high as that of high-strength rolled copper alloy foils such as Colson alloy, [5] becomes possible. Through our research, adding 2-Mercapto-5-benzimidazole (2M-5S) was found to enable the achievement of both a smooth surface and no time-related changes, and 2M-5S was thought to have the effect of preventing the time-related property changes. Because the correlation between grain size and tensile strength followed the Hall-Petch equation, grain size was thought to be the most significant factor. Preventing grain growth (Self Annealing) was thought to prevent the tensile strength change. Changing the amount of the 2M-5S added made changes in the amount of impurities such as S, Cl contained in the copper. In accordance with these changes, the tensile strength after annealing changed, so it was thought that the impurities incorporated into the copper deposits localized at the grain boundary and prevented re-crystallization. [6] However, there has been no research done on systematically classifying the additives which affect the physical properties such as strength from the viewpoint of the elements or groups contained in the additives. So it was not clear which elements or groups of 2M-5S cause the effects.
Therefore, through the investigation of the effects of additives which have structures similar to 2M-5S, the effects of the elements or groups contained in the additives for preventing the property change were estimated.
In addition, the behavior of additives in the electrolyte conjectured above was investigated using a rotating ringdisc electrode.
In this paper, tensile strength after annealing was used as an index of the effect of preventing the time-related property changes of the copper deposits. As mentioned above, the copper deposits discussed in this paper were confirmed to follow the Hall-Petch equation, so timerelated grain growth correlates to a time-related drop in the tensile strength. Also, annealing was carried out to accelerate the evaluation of the time-related tensilestrength change. Thus, the copper deposits with high tensile strength after annealing can be judged to resist the time-related changes.
Experimental

Plating test
First of all, as a test to confirm the effect of the Mercapto group (Test A), electrolytes were prepared, to which each of 4 additives were added at concentrations of 0 to 105 μmol/dm 3 , including 2 additives with Mercapto groups Fig. 1 , and is added as a suppressor similar to Polyethylenglycol (PEG), which is commonly used for the purpose of producing smooth surfaces with copper deposits. [7] Next, to confirm the effects of Nitrogen atoms and Benzene rings (Test B), we prepared electrolytes with nine different additives containing Mercapto groups and 0 to 4
Nitrogen atoms added at concentrations of 0 to 105 μmol/ For the first evaluation, the tensile strength after annealing was measured for all copper deposits plated in both Test A and Test B, and the correlation between that strength and the elements or groups contained in the additives was investigated.
Here, as mentioned above, annealing was carried out at 180 degrees Celsius for 1 hour in air to accelerate the timerelated property changes. Tensile strength was measured using a tensile tester (Shimadzu AG-1) following the method given in IPC-TM-650. The test specimen was 10 mm wide and 100 mm long and was made with a stampingout method. The specimen was held between the chucks 50 mm apart initially and measured by the strain rate of 50 mm/min.
Next we investigated the detailed effects of Nitrogen atoms and Benzene rings, and the S, C, N and Cl contents, which are components of SPS, DDAC and 2M-5S, in the copper deposits. The contents were measured and the correlation between those contents and the elements or groups contained in the additives, and between those contents and the tensile strength after annealing were investigated. In addition, this measurement of the contents of impurities was carried out on the deposits 2 weeks after deposition.
The S and C contents were measured using a S and C analyzer (Horiba EMIA-920V) by the method of high frequent heating combustion in oxygen flow -infrared spectroscopy. The N contents were measured using an O and N analyzer (Horiba EMGA-620). Samples were melted by impulse heating and their thermal conductivity measured.
The Cl contents were measured by the following method:
The copper deposits were dissolved in a nitric acid solution and deposits of AgCl were generated by adding AgNO 3 to this solution. The absorbance of this solution was measured using an absorption spectrophotometer (Hitachi U3310) and the contents were calculated using the standard curve which was gained in advance.
GD-OES analysis
We next evaluated the time-related change of the impurities in the copper deposits. The S contents of 2 specimens which were newly plated with the same bath conditions (2M-5S addition 0 μmol/dm 3 (base bath) and 70 μmol/dm 3 ) as in Test B, were measured 10 minutes, 30 minutes, 60 minutes, 180 minutes and 1440 minutes (24 hours) after plating. The S contents were measured using Glow discharge optical emission spectrometry (GD-OES, Horiba JY5000RF) under the following conditions: pressure of 665 Pa after substituting Argon gas, power output of 30 W, and analysis area 4 mm in diameter. Quantitative analysis of S was carried out using the strength of the 181 nm spectrum.
It is one of the merits of GD-OES to be able to measure the contents of elements in a short time. This test was carried out to measure the contents at specific points of time after deposition to investigate the time-related change of the contents.
RRDE test
Next, tests using a rotating ring-disc electrode (RRDE, Hokuto denko HR-201) were carried out for the purpose of investigating the behavior of the 2M-5S in the electrolyte.
As a preliminary test, anodic polarization curves were measured on 2 solutions (potential scan rate, 0.01 V/sec) using a platinum rotating disc electrode (RDE). One solution was 1.43 mol/dm 3 sulfuric acid aqueous solution only, and the other was 1.43 mol/dm 3 sulfuric acid aqueous solution to which 2M-5S:70 μmol/dm 3 , SPS:168 μmol/dm 3 and DDAC: 433 μmol/dm 3 (as monomer) were added (the temperature of both solutions was 50 degrees Celsius), to find the potential where additives themselves were oxidized. The SCE electrode was used as the reference and the rotation speed of RDE was set at 500 rpm in this test.
In the next test, the anodic polarization curves were In addition, a RRDE test using a platinum rotating ringdisc electrode was carried out on the above 3 electrolytes (temperature on all solutions was 50 degrees Celsius). The disc potential was polarized in the cathodic direction at 0.01 V/sec of scan rate and ring potential was kept at a constant value. In this test, 2 anodic potentials were used for the ring potentials, one was where additives are oxidized and the other was where additives were not oxidized, based on the above preliminary test. The SCE electrode was used as the reference electrode and the rotation speed of the RRDE was set at 500 rpm in this test.
Results and Discussion
Plating test
The results of measuring the tensile strength after annealing of the copper deposits plated under each condition of Test A (maximum values for each condition) were as follows: The deposits from the two baths to which the additives with a Mercapto group were added, showed 848
MPa and 780 MPa of tensile strength, and both deposits from the two baths to which the additives without Mercapto group were added, showed 300 MPa. As a reference, the deposit from the base bath showed 296 MPa, and the deposit from the 2M-5S-added bath showed 815 MPa.
From this result, only the deposits from the baths to which the additives with a Mercapto group were added showed the same level of high tensile strength as those from the 2M-5S-added bath, and the additives with a Mercapto group were thought to be essential to prevent the time- The correlation between the number of Nitrogen atoms contained in one molecule of additives used in Test B and the S, C, N and Cl contents in the copper deposits from the baths using each additive is shown in Fig. 3 . In addition, these contents were measured on the deposits 2 weeks after deposition.
When the number of Nitrogen atoms contained in them was 0, the contents were low whether they contain mechanism will have to be elucidated in future, but it is conjectured that the high electronegativity of the Nitrogen atom causes the effect. In other words, it is thought that the density of electrons near the Nitrogen atom rises by polarization, and that it becomes easier to combine with copper ions or coexisting DDAC, which is a cationic polymer surfactant. So it is thought that impurities are incorporated into the deposits more easily when being reduced from the copper ion combined with these additives. In addition, it is thought that this combination becomes stronger when the density of electrons is higher, and that impurities can more easily be incorporated into deposits. It is conjectured that when there are fewer Nitrogen atoms in one molecule of the additive, more electrons can gather near one Nitrogen atom and a higher density of electrons can be achieved near the Nitrogen atom. In addition, it is conjectured that when the additives contain Benzene rings, the density of electrons can become much higher because of donating of the Π electrons from the Benzene rings. These conjectures are based on the test results mentioned above.
GD-OES analysis
The time-related change of the S contents, measured using GD-OES, in copper deposits from just after deposition to 24 hours after deposition is shown in Fig. 5 . These plots are the analysis data at a point etched 5 μm from the freely grown side of copper deposits. Both deposits from the conditions of 0 μmol/dm 3 2M-5S addition (base bath) and 70 μmol/dm 3 2M-5S addition did not show a change in S contents from just-after-plated. So it is conjectured that the differences in the impurities contents shown in Fig. 3 are not generated after plating but are generated just at the time of plating. It is thought that this result does not contradict the consideration in the section 3.1 that the impurities contents incorporated into the copper deposits change because the combination state with copper ions or the other coexisting additives changes during plating due to the conditions of the additives in the electrolytes.
RRDE test
First of all, the results of a preliminary test showed that the additives themselves were oxidized at potentials over 0.8 V, so the ring potentials on the RRDE tests was set at 0.5 V and 0.9 V. A ring current with a ring potential of 0.5 V is thought to detect mainly Cu + ions. While changing the disc potential, Cu + ion intermediates were generated and showed a peak value near 0 V of disc potential. At a ring potential of 0.9 V, a higher ring current was observed than that at 0.5 V condition and also showed a peak value at near 0 V of disc potential.
The difference in the currents at these 2 conditions were thought to detect the oxidation of the additives themselves as well as Cu(I) complexes derived from the additives, and From the above-mentioned test results, the mechanism of prevention of the time-related property changes by 2M-5S was conjectured as follows.
As it is known that SPS, which is well-known as brightener, is reduced in the electrolyte to 3-Mercapto-1-propanesulfonic acid (MPS) containing a Mercapto group, and that MPS forms a Cu(I) complex due to the effect of Mercapto groups, [3, 8] 2M-5S is thought to also form a Cu(I) complex due to an effect of Mercapto groups.
Because 2M-5S contains δ -polarized Nitrogen atoms, which are not contained in SPS, the bonding strength of 2M-5S with a Cu(I) complex is thought to be stronger than that of SPS due to the interaction close to the coordinate bond of the Nitrogen atoms. In addition, 2M-5S is thought to bond to a coexisting cationic polymer surfactant like DDAC using the δ -polarized Nitrogen atoms, and produce a strong union with the Cu(I) complex and additives.
Therefore, the elements of SPS are thought to easily detached from copper when being reduced from the copper ion and are rarely incorporated into deposits, even though the Cu(I) complex shows its effects as an accelerator. In contrast, in the case of 2M-5S, additives are thought to continue bonding to copper even at the time of reduction and are incorporated into the deposits.
The impurities incorporated into the deposits due to the effect of 2M-5S are thought to be localized at the grain boundaries and to prevent the movement of the boundary and grain growth. Therefore, it is thought that high tensile strength can be maintained following the Hall-Petch equation.
Conclusion
The elements or groups contained in 2M-5S, which have effects for preventing the property changes of the copper deposited using some sort of additives in the bath, such as brighteners like SPS, were investigated. The results show that Mercapto groups and Nitrogen atoms seem to be essential. Benzene rings appear not to be essential but to assist the effects of the Nitrogen atoms, broadening the tolerance of the number of Nitrogen atoms required for 
